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Abstract
Being an assembly of identical upright helixes, a chiral sculptured thin film (CSTF)
exhibits the circular Bragg phenomenon and can therefore be used as a circular-
polarization filter in a spectral regime called the circular Bragg regime. This has been
already demonstrated in the near-infrared and short-wavelength infrared regimes. If
two CSTFs are fabricated in identical conditions to differ only in the helical pitch, and
if both are made of a material whose bulk refractive index is constant in a wide enough
spectral regime, then the center wavelengths of the circular Bragg regimes of the two
CSTFs must be in the same ratio as their helical pitches by virtue of the scale invariance
of the frequency-domain Maxwell postulates. This theoretical result was confirmed by
measuring the linear-transmittance spectrums of two zinc-selenide CSTFs with helical
pitches in the ratio 1:7.97. The center wavelengths were found to be in the ratio 1:7.1,
the deviation from the ratio of helical pitches being explainable at least in part be-
cause the bulk refractive index of zinc selenide decreased a little with wavelength. We
concluded that CSTFs can be fabricated to function as circular-polarization filters in
the mid-wavelength infrared regime.
1 Introduction
The production of circularly polarized light from either an unpolarized or a partially polar-
ized source involves the removal of either the left-circularly polarized or the right-circularly
polarized component. One way of accomplishing this removal is by inserting a rotated linear
polarizer between two orthogonally oriented quarter-wave plates. Relying on the anisotropy
of the material that it is made of, a quarter-wave plate [1, pp. 20-21] converts linearly
polarized light into circularly polarized light and vice versa. A Fresnel rhomb [1, p. 49]
also converts linearly polarized light into circularly polarized light, but without reliance on
anisotropy. Instead, its operation is based on the difference between the phase shifts of
totally internally reflected light of two orthogonal linear polarization states.
Another way is to use a slab of a structurally chiral medium (SCM), exemplified by
cholesteric liquid crystals (CLCs) [2, 3] and chiral sculptured thin films (CSTFs) [4]. As
an SCM is helicoidally nonhomogeneous along a fixed axis, it displays the circular Bragg
phenomenon in a specific spectral regime called the circular Bragg regime. This phenomenon
is the almost total reflection of the incident light of one circular polarization state state but
very little reflection of the incident light of the other circular polarization state, provided that
the thickness L of the SCM is sufficiently high [5]. Depending on the structural period P as
well as the relative permittivity dyadic ε
rel
of the SCM, the spatiotemporal manifestation of
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the circular Bragg phenomenon is the formation of a light pipe that bleeds energy backward
inside the SCM under appropriate conditions [6, 7].
The center wavelength λBr0 of the circular Bragg regime depends on P . Typically, λ
Br
0 /P >
1 for normal incidence because all eigenvalues of the relative permittivity dyadics of CLCs
and CSTFs exceed unity, and the ratio L/P has to be in the neighborhood of 10 or higher
for adequately strong manifestation of the circular Bragg phenomenon [5, 8].
Both CLCs [9, 10, 11, 12] and CSTFs [13, 14, 15, 16] have been demonstrated to serve as
circular-polarization filters in the visible and the near-infrared (NIR) regimes, because CLCs
with P . 700 nm [17, 18, 19] and CSTFs with P ≤ 800 nm [14, 15, 20] are commonplace.
CLCs with periods as large as about 6000 nm have been reported [21], to our knowledge.
But the fabrication of stable CLCs with the ratio L/P in the neighborhood of 10 becomes
challenging as P increases [22, 23]. One reason is that surface alignment forces invoked
by the use of a textured substrate become less efficacious as the ratio L/P increases [22].
Another reason is the enhancement of internal stresses which are inimical to the needed
structural chirality of the ordered layering of aciculate molecules becomes poor [23]. CLCs
are also sensitive to changes in temperature and pressure [2, 3]. Therefore, although CLCs are
suitable for use as circular-polarization filters also in the short-wavelength infrared (SWIR)
regime (wavelength λ0 ∈ (1400, 3000) nm) [24], similar use in the mid-wavelength infrared
(MWIR) regime (λ0 ∈ (3000, 8000) nm) appears not to be easily possible.
CSTFs are solid-state analogs of chiral liquid crystals. Ideally, a CSTF is an assembly
of parallel helixes of pitch P and rise angle χ. Structural chirality is thus rigidly built in
the CSTF morphology, so that neither surface alignment forces have to be invoked nor are
internal stresses deleterious. The CSTF morphology is immune to small changes of pressure
and temperature, but protection against moisture intake may be necessary [25].
Therefore, with the aim of developing MWIR circular-polarization filters, we decided
to fabricate CSTFs with P as high as 5880 nm. Zinc selenide (ZnSe) was chosen because
its bulk refractive index varies quite slowly with λ0 in the MWIR regime [26] and because
it is easy to deposit CSTFs [20, 28] of this material by oblique-angle thermal evaporation
[29, 30]. The ratio L/P was kept as large as practicable with our thermal evaporation system
that was designed for CSTFs to function in the visible regime and is definitely suboptimal
for industrial use to fabricate very thick CSTFs needed for the longer wavelengths in the
MWIR regime. We also measured the normal-incidence transmittance characteristics of the
fabricated CSTFs.
The plan of this paper is as follows. A brief description of theory underlying the transmis-
sion of light in presented in Sec. 2.2.1 followed by a discussion in Sec. 2.2.2 of the premise of
this research. Fabrication of five different CSTFs is described in Sec. 3.3.1 and experimental
methods for their morphological and optical characterization are presented in Secs. 3.3.2 and
3.3.3, respectively. Scanning-electron micrographs of all CSTFs fabricated for this research
are presented in Sec. 4.4.1. Theoretical spectrums of the transmittances of a reference CSTF
are provided in Sec. 4.4.2 to understand the very limited experimental spectrums of the
fabricated CSTFs in Sec. 4.4.3. The paper ends with some remarks in Sec. 5.
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2 Theoretical Preliminaries
2.1 Optical Transmission
Suppose the region 0 ≤ z ≤ L is occupied by a CSTF, while the half spaces z ≤ 0 and
z ≥ L are vacuous. The linear dielectric properties of the CSTF are delineated by the
unidirectionally nonhomogeneous relative permittivity dyadic [30]
ε
r
(z, λ0) = Sz(h, z, P )
• S
y
(χ) •
[
εa(λ0)uzuz + εb(λ0)uxux
+ εc(λ0)uyuy
]
• S−1
y
(χ) • S−1
z
(h, z, P ) , 0 ≤ z ≤ L . (1)
Here and hereafter, an exp(−iωt) dependence on time t is implicit with ω = 2pic0/λ0 as the
angular frequency and i =
√−1; c0 is the speed of light in free space; and ux, uy, and uz are
the unit vectors in a Cartesian coordinate system.
The helicoidal nonhomogeneity of the CSTF is captured by the rotation dyadic
S
z
(h, z, P ) = uzuz + (uxux + uyuy) cos
(
2piz
P
)
+h (uyux − uxuy) sin
(
2piz
P
)
. (2)
The direction of the nonhomogeneity is parallel to the z axis. The CSTF is structurally
right-handed when h = 1, but is structurally left-handed when h = −1. The dyadic
S
y
(χ) = uyuy + (uxux + uzuz) cosχ+ (uzux − uxuz) sinχ (3)
represents the locally aciculate morphology of the CSTF, with χ > 0 deg being the rise angle.
A 4×4-matrix–based procedure to calculate the linear and circular remittances of the
CSTF of thickness L for normally incident monochromatic light is explained elsewhere
[30, Chap. 9] in detail. Using this procedure, we calculated the four linear transmittances
(Tss,sp,ps,pp) and the four circular transmittances (TRR,RL,LR,LL) as functions of λ0. Here, Tsp
is the fraction of the incident power transmitted via an s-polarized plane wave when the
incident plane wave is p polarized, TLR is the fraction of the incident power transmitted
via a Left-circularly polarized plane wave when the incident plane wave is Right-circularly
polarized, and so on.
3
2.2 Research Premise
The premise of our research effort can now be explained using the sourceless versions of the
frequency-domain Maxwell postulates:
∇ • E(r, λ0) = 0
∇ • H(r, λ0) = 0
∇× E(r, λ0) = i2pic0
λ0
µ0H(r, λ0)
∇×H(r, λ0) = −i2pic0
λ0
ε0ε r(z, λ0)
• E(r, λ0)

. (4)
Here, ε0 is the permittivity and µ0 is the permeability of free space.
Let us scale all space isotropically as
r′ = αr , (5)
where the scaling parameter α > 1 is real. If we also scale the free-space wavelength as
λ′0 = αλ0 , (6)
Eqs. (4) can be recast as
∇′ • E(r′, λ′0) = 0
∇′ • H(r′, λ′0) = 0
∇′ × E(r′, λ′0) = i
2pic0
λ′0
µ0H(r
′, λ′0)
∇′ ×H(r′, λ′0) = −i
2pic0
λ′0
ε0ε r(z
′, λ′0) • E(r
′, λ′0)

. (7)
Provided that
ε
r
(z′, λ′0) = ε r(z, λ0) , (8)
the solutions of Eqs. (4) and (7) shall be identical [31].
In other words, if we can fabricate two CSTFs such that
(i) their helixes have rise angles χ1 and χ2 = χ1,
(ii) their helixes have pitches P1 and P2 = αP1, and
(iii) their thicknesses are L1 and L2 = αL1,
then the transmittances of the first CSTF at λ0 = λ01 shall be the same as the transmittances
of the second CSTF at λ0 = λ02 = αλ01 > λ01 if the relative permittivity dyadic ε
(1)
r
of the
first CSTF and the relative permittivity dyadic ε(2)
r
of the first CSTF satisfy the condition
ε(2)
r
(αz, λ02) = ε
(1)
r
(z, λ01) . (9)
4
Therefore, if both CSTFs are made by evaporating a dielectric material whose bulk
relative permittivity is uniform in a spectral regime that encompasses both λ01 and αλ01 , and
if the first CSTF can serve as a circular-polarization filter in a spectral regime encompassing
λ01 , then the second CSTF must serve as a circular-polarization filter in a spectral regime
encompassing αλ01 .
ZnSe was chosen for evaporation because its bulk refractive index nZnSe varies weakly
with λ0 in the MWIR regime [26, 27]. Since nZnSe generally decreases as λ0 increases, as
shown in Fig. 1, the second CSTF will perform as a circular-polarization filter in a spectral
regime encompassing wavelengths somewhat smaller than αλ01 .
Figure 1: Real part of nZnSe as a function of λ0. The imaginary part of nZnSe does not exceed
10−6 in the same spectral regime [27].
3 Experimental Methods
3.1 Fabrication of CSTFs
Five different structurally right-handed CSTFs were fabricated using oblique-angle thermal
evaporation, the targeted values of their structural period P and number of periods L/P
being listed in Table 1.
Thermal evaporation system was carried out in a low-pressure chamber (Torr Interna-
tional, New Windsor, New York). Inside this chamber, the material to be evaporated is kept
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Table 1: CSTF Samples Fabricated
Sample Targeted Measured Number of
No. P P L/P τ Depositions
(nm) (nm) (s)
1 366 364 10 5.955 3
2 732 727 10 12.627 5
3 1464 1410 10 25.971 10
4 2928 2900 10 52.658 20
5 5856 5880 1 106.033 4
in a tungsten boat (S22-.005W, R. D. Mathis, Long Beach, California) which can be heated
by passing a current through it. About 15 cm above the boat is a substrate holder whose
rotations about two mutually orthogonal axes are controlled by two stepper motors. One
axis of rotation passes normally through the substrate holder to serve as the z axis, and
the second serves as the y axis in the substrate (xy) plane. There is also a quartz crystal
monitor (QCM) in the chamber which has been calibrated to measure the thickness of the
film as it is being deposited. Finally, a shutter between the boat and the substrate holder
allows the user to abruptly start or halt the deposition as needed.
99.995 % pure ZnSe (Alfa Aesar, Ward Hill, Massachusetts) was the material of choice for
the reasons discussed previously. The manufacturer supplied ZnSe lumps that were crushed
into a fine powder. When crushing the lumps, a respirator mask, gloves, and a lab coat were
worn to avoid the toxic effects of ZnSe exposure [32].
Each CSTF was deposited on two substrates simultaneously, one being either glass or
silicon and the other being silicon. The sample grown on the first substrate was optically
characterized. If the value of P was chosen for the circular Bragg regime to lie in the visible
regime or the NIR regime or the SWIR regime, a pre-cleaned glass slide (48300-0025, VWR,
Radnor, Pennsylvania) was used as the first substrate. If the value of P was chosen for the
circular Bragg regime to lie in the MWIR regime, silicon was used as the first substrate. The
morphology of the sample grown on the second substrate was characterized on a scanning-
electron microscope.
Each substrate was cleaned in an ethanol bath using an ultrasonicator for 9 min on each
side; thereafter, the substrate was immediately dried with pressurized nitrogen gas. Both
substrates were secured to the substrate holder using Kapton tape (S-14532, Uline, Pleasant
Prairie, Wisconsin), being positioned as close to the center of the holder as possible to ensure
that they would be directly above the tungsten boat. The shutter was rotated to prevent
any vapor from reaching the two substrates.
To begin the deposition process, the low-pressure chamber was pumped down to approx-
imately 1 µTorr. Next, the current was gradually increased to ∼100 A and the shutter was
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rotated to allow a collimated portion of the ZnSe vapor to reach the substrates. The deposi-
tion rate was manually maintained at 0.4± 0.02 nm s−1, using the QCM. Upon completion
of the deposition, the shutter was rotated to prevent the vapor from reaching the substrates
and the current was quickly brought down to 0 A to prevent any further deposition. After
the deposition, the chamber was allowed to cool for at least 30 min before it was opened.
Given the desired thickness of the CSTF, the deposition rate, and the limited amount
of ZnSe that could be put in the boat, multiple depositions were needed to fabricate the
CSTF. The number of depositions for each of the five samples is shown in Table 1. During
each deposition, a film of maximum thickness 1500 nm could be deposited before the ZnSe
powder loaded in the boat was depleted. Between these depositions, the boat was refilled
with ZnSe powder and, if needed, the quartz crystal in the QCM was replaced.
During every deposition, the angle of the collimated vapor flux with respect to the sub-
strate plane was set at χv = 20 deg. Furthermore, the substrate was rotated about the z axis
in accordance with the M:1 asymmetric serial bi-deposition technique [28, 33] as follows. A
subdeposit was made for time τ , followed by a rapid rotation about the z axis by 180 deg
in 0.406 s, followed by another subdeposit for time τ/M , followed by a rapid rotation about
the z axis by 183 deg in 0.413 s. This 4-step process was iterated 120 times in order to
deposit a single period. Based on a detailed comparative study to improve the exhibition of
the circular Bragg phenomenon [28], we fixed M = 7 for all CSTFs. The value of τ chosen
for each CSTF fabricated is listed in Table 1.
3.2 Morphological Characterization
The cross-sectional morphologies of all five CSTFs fabricated on a silicon substrate were
characterized using the FEI NovaTM NanoSEM 630 (FEI, Hillsboro, Oregon) field-emission
scanning-electron microscope. Prior to taking the images, the sample was cleaved using
the freeze-fracture technique [34] so that cross-sectional images could be taken on a clean
cleaved edge free from edge-growth effects. The sample was then sputtered with iridium
using a Quorum Emitech K575X (Quorum Technologies, Ashford, Kent, United Kingdom)
sputter coater before imaging.
3.3 Optical Characterization
Optical characterization of two of the five CSTFs fabricated was performed within 24 h of
fabrication, the sample being contained in a desiccator before characterization to prevent
degradation due to moisture adsorption. A custom-built apparatus was used to measure
the linear and circular transmittances of sample 1 [28, 35], and a Vertex 70 spectropho-
tometer (Bruker, Billerica, Massachussetts) was used to measure the linear transmittances
of sample 4.
The transmittance-measurement apparatus for λ0 ∈ [600 nm, 900 nm] is described in de-
tail elsewhere [28, 35]. Briefly, light from a halogen source (HL-2000, Ocean Optics, Dunedin,
Florida) was passed through a fiber-optic cable and then through a linear polarizer (GT10,
ThorLabs, Newton, New Jersey); it was transmitted through the sample to be characterized
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and then passed through a second linear polarizer (GT10, ThorLabs) and a fiber-optic cable
to a CCD spectrometer (HRS-BD1-025, Mightex Systems, Pleasanton, California) [35]. The
linear transmittances were thus measured for normal incidence. For measurements of the
circular transmittances, a Fresnel rhomb (LMR1, ThorLabs) was introduced directly after
the first linear polarizer and another Fresnel rhomb directly before the second linear polarizer
[28]. All measurements were taken in a dark room to avoid noise from external sources.
The experimental setup for the Vertex 70 spectrophotometer was different. As only
one linear polarizer was available, it was used on the incidence side so that only the sums
Ts = Tss + Tps and Tp = Tpp + Tsp were measured for normal incidence.
4 Results and Discussion
4.1 Morphology
Figure 2 presents cross-sectional scanning-electron micrographs of all five samples listed in
Table 1. Table 1 presents the value of P of every sample fabricated, as estimated from its
micrograph. The discrepancy between the targeted and measured values of P is less than
1% for four of the five samples, and just 3.7% for sample 3. The discrepancy is due to the
variability inherent in manual control of the deposition rate. We expect that even better
agreement will be obtained after the fabrication process has been optimized for industrial
production.
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Figure 2: Cross-sectional scanning-electron micrographs of all five CSTF samples listed in
Table 1.
Each of the five micrographs clearly shows that the fabricated CSTF is an array of very
similar helixes. Even sample 5—which has just one period because the long duration required
to fabricate many periods of that CSTF is infeasible with the resources of an academic
laboratory—is an array of helixes. The morphologies of all five samples being the same,
except for the scale factor α in Eq. (6), we conclude that it is possible to fabricate CSTFs
with periods on the order of several micrometers to serve as circular-polarization filters in
the MWIR regime.
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4.2 Reference Theoretical Results
In order to provide theoretical results to serve as a reference for our experimental findings,
we assumed that the eigenvalues εa, εb and εc of ε r to have single-resonance Lorentzian
dependences [36] on λ0. Thus,
ε`(λ0) = 1 +
p`
1 + (1/N` − iλ`/λ0)2
, ` ∈ {a, b, c} , (10)
with the oscillator strengths denoted by p`. Accordingly, the resonance wavelengths are
λ`
(
1 +N−2`
)−1/2
and the linewidths are λ`/N`, ` ∈ {a, b, c}. Calculations of all transmit-
tances, linear as well as circular, of a reference CSTF for normal incidence were made by
setting [37]: pa = 4.7, pb = 5.2, pc = 4.6, λa,c = 260 nm, λb = 270 nm, Na,b,c = 130,
χ = 50 deg, h = 1, P = 324 nm, and L = 20P .
Figure 3 shows all four circular transmittances of the reference CSTF for normal inci-
dence. As this CSTF is structurally right-handed, the circular Bragg phenomenon is evident
as a trough centered at λ0 ≈ 818 nm in the spectrum of TRR, but that feature is absent in
the spectrums of the other three circular transmittances. A comparison of the spectrums of
TRR and TLL shows clearly that the reference CSTF can function as a circular-polarization
filter at and in the neighborhood of λ0 = 818 nm, which is the center wavelength of the
circular Bragg regime.
Figure 3: Calculated spectrums of the circular transmittances of the reference CSTF de-
scribed in Sec. 4.4.2.
The center wavelength is about 2.52 times the period 324 nm used for the calculations.
If the period were increased by a factor α > 1, then the center wavelength would also
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be increased by the same factor provided that the bulk refractive index of the evaporated
material remained invariant, as discussed in Sec. 2.2.2. ZnSe almost fulfills that requirement,
as shown in Fig. 1. Hence, we can conclude that samples 2–4 should function as circular-
polarization filters in progressively longer-wavelength regimes than the one in which sample 1
does; furthermore, the same would be true if sample 5 were to be fabricated with a sufficiently
large number of periods [5, 8] instead of just one.
As apparatus to measure the circular transmittances at longer wavelengths may not be
available, we provide the spectrums of all four linear transmittances of the reference CSTF
in Fig. 4. These spectrums could allow us to properly compare the experimental data on
linear transmittances of the larger-P samples with theory. In Fig. 4 we notice a distinctive
feature in the circular Bragg regime. The troughs of Tss and Tpp intersect at λ0 ≈ 818 nm. If
that pattern were to be observed in the experimental results for a given sample in a spectral
regime in which the circular Bragg phenomenon is expected, one could infer the existence of
that phenomenon even if circular transmittances could not be measured.
Figure 4: Calculated spectrums of the linear transmittances of the reference CSTF described
in Sec. 4.4.2.
4.3 Experimental Results
Figure 5 contains the experimentally determined spectrums of the four circular transmit-
tances of sample 1 (P = 364 nm, L = 10P ). These spectrums qualitatively match those
of the reference CSTF in Fig. 3, sample 1 exhibiting a circular Bragg regime centered at
λ0 ≈ 780 nm. At this wavelength, the difference between TLL = 0.691 and TRR = 0.239
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is large enough so that sample 1 can be taken to function as a rejection filter for incident
right-circularly polarized light but not for incident left-circularly polarized light. Further
improvement may come by increasing the number of periods, i.e., by increasing the ratio
L/P , as has been established theoretically [5, 8].
Figure 5: Measured spectrums of the circular transmittances of sample 1.
Figure 6 contains the experimentally determined spectrums of the four linear transmit-
tances of sample 1. These spectrums qualitatively match those of the reference CSTF in
Fig. 4, the troughs of Tss and Tpp intersect at λ0 = 761 nm in Fig. 6. This intersection is
very close to 780 nm, the center wavelength of the circular Bragg regime in Fig. 5 for the
same CSTF. Thus, by observing the same intersections for samples with larger P , we can
verify the exhibition of the circular Bragg phenomenon by those samples.
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Figure 6: Measured spectrums of the linear transmittances of sample 1.
Accordingly, we can predict that the center wavelength of the circular Bragg regime of
sample 4 would be 780α = 6214 nm, with α = 2900/364 = 7.97. The graphs of Ts and Tp
in Fig. 7 have peaks that intersect at λ0 = 5512 nm, which is lower than 6214 nm. This
lowering can be explained by reduction of the bulk relative permittivity of ZnSe by about
3.05% in Fig. 1 as λ0 increases from 780 nm to 6000 nm.
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Figure 7: Measured spectrums of Ts = Tss + Tps and Tp = Tpp + Tsp of sample 4.
Likewise, if a multiple-period version of sample 5 were to be made, then α = 5880/364 =
16.15 and the center wavelength of the circular Bragg regime of sample 5 would be somewhat
lower than 780α = 12600 nm. Thus, we have demonstrated that CSTFs can be fabricated
to serve as circular-polarization filters in the MWIR regime.
Before closing this section, we must remark that our apparatus were not appropriate to
measure diffuse scattering in nonspecular directions. Nevertheless, our conclusion on the
performance of CSTFs as circular-polarization filters for normal incidence in the MWIR
regime holds.
5 Concluding Remarks
Relying on the scale invariance of the frequency-domain Maxwell postulates [31], we selected
a material whose bulk refractive index is very weakly dependent on the wavelength. This
material was used as the evaporant material to fabricate five chiral sculptured thin films—of
structural periods ranging from ∼360 nm to ∼5900 nm—by oblique-angle thermal evapora-
tion. The fabrication conditions of all five CSTFs were thus identical except for a change in
scale. Morphological characterization confirmed that each of the five CSTFs was an assembly
of parallel helixes, the helical pitches in those CTSFs ranging from ∼360 nm to ∼5900 nm.
As expected from the literature [5, 37, 19, 18], the measured circular transmittances of
the CSTF of the smallest period demonstrated the circular Bragg phenomenon in the NIR
14
regime, confirming that CSTFs of sufficient thickness can function as circular-polarization
filters in the same regime. The linear transmittances of the CSTF of the smallest period
were also measured to identify a spectral feature that would indicate the occurrence of
the circular Bragg phenomenon, this spectral feature also being confirmed theoretically.
The same feature was experimentally demonstrated to exist in the spectrums of the linear
transmittances of a CSTF whose structural period was about 8 times larger than that of the
CSTF with the smallest period. Even though the center wavelength of the circular Bragg
regime concomitantly increased by a factor of about 7.1, at least in part because the bulk
refractive index of the evaporant material decreased a little with λ0, we can conclude that
CSTFs can be fabricated to function as circular-polarization filters in the MWIR regime.
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